This paper presents the first real-life optimization of the Exposure Index (EI). A genetic optimization algorithm is developed and applied to three real-life Wireless Local Area Network scenarios in an experimental testbed. The optimization accounts for downlink, uplink and uplink of other users, for realistic duty cycles, and ensures a sufficient Quality of Service to all users. EI reductions up to 97.5% compared to a reference configuration can be achieved in a downlink-only scenario, in combination with an improved Quality of Service. Due to the dominance of uplink exposure and the lack of WiFi power control, no optimizations are possible in scenarios that also consider uplink traffic. However, future deployments that do implement WiFi power control can be successfully optimized, with EI reductions up to 86% compared to a reference configuration and an EI that is 278 times lower than optimized configurations under the absence of power control.
INTRODUCTION
In order to ensure the best mobile connectivity to users, wireless networks have become omnipresent in today's society. Wireless Local Area Networks (WLANs) provide a high-bandwidth connectivity and are compatible with common wireless devices such as smartphones or tablets. They are mostly used to cover indoor environments and are useful for operators in a sense that they also often serve as an offloading mechanism for macrocell networks. The ever-increasing use of wireless networks has also caused an increase in the concerns about possible health effects of exposure to electromagnetic field (EMF) radiation. To that end, radiofrequency (RF) exposure has been subjected to national and international limits.
The International Commission on Non-Ionizing Radiation Protection (ICNIRP) (1) has defined limitations for the Specific Absorption Rate (SAR) for RF sources at frequencies between 100 kHz and 6 GHz. ICNIRP also defines reference levels that limit incident field strength to the level inducing an exposure compliant with basic restrictions. However, compliance tests are based on worst-case assumptions and are therefore not representative for realistic exposure estimates.
Realistic assessment of the exposure of users is approached in different ways. A first metric expresses the far-field exposure due to the radiation of base stations as the incident field strength or power density. It only accounts for broadcast or downlink traffic and comprises most of the experimental research carried out so far (2) (3) (4) (5) (6) . Secondly, the SAR (7) characterizes the RF energy absorption in the human body (8) (9) (10) (11) . In the works of Lauer et al. (12) and Plets et al. (13) , a joint assessment is made of the whole-body SAR due to both uplink and downlink traffic of a user. Thirdly, by multiplying the SAR with the actual exposure time, the exposure dose of a user can be calculated (13) . It is clear that these three metrics are focused on exposure assessment of individuals. Therefore, Varsier et al. (14) have formulated the Exposure Index (EI) metric, which characterizes the average SAR of a certain population within a given time frame. This allows a comparison of different wireless deployment configurations with respect to their resulting exposure over a large set of users. Although the EI has been calculated for as-is deployments, no network optimizations for a minimal EI have been performed yet, and no algorithms to do so are yet available.
In this paper, the population EI will for the first time be optimized, based on real-life experiments and scenarios. To this end, the detailed EI formula is implemented in a genetic algorithm (GA). Based on a number of inputs (e.g. maximal number of base stations allowed, number of users, user traffic characteristics, etc.), the algorithm determines the wireless configuration that delivers the required Quality of Service (QoS) with a minimal EI, and subject or not to cost restrictions. The algorithm and the optimization performance are evaluated in an indoor wireless experimental testbed. Although the presented algorithm is applicable to both indoor and outdoor wireless networks, it will here be applied to WiFi networks in indoor environments, as exposure from WLANs can be significant (4) . A comparison with traditional configurations will be made. Also exposure due to uplink activity of other users is accounted for, since it can significantly contribute to the total exposure when the user device does not implement power control or when the wireless connection quality is bad (15, 16) . This paper is the first to present an EI optimization algorithm. It comes forward to the European Union's need for low-EMF system designs that was formulated in its Seventh Framework Program (FP7, ICT Call 8) (17) . This target outcome specifies a clear need for new network topologies and management that reduce EMF levels without compromising the user's QoS. Moreover, unlike in previous exposure optimization research using electricfield models, the optimization will be performed based on an experimental determination of the powers and power densities in the network, establishing the correctness of the EI.
The remainder of the paper is structured as follows. First, the methodology of the algorithm will be presented, discussing in detail the environment in which the EI is calculated, the application scenarios for which the algorithm will be tested, the EI and how it is calculated, and the GA used to find the optimal configuration. Then, the results of the study are discussed and finally, the paper's main findings are summarized.
METHODOLOGY

Experimentation Environment
All test scenarios will be experimentally assessed inside an open pseudo-shielded testbed environment (w-iLab. t) in Ghent, Belgium. It consists of 60 nodes that are identified by a number (1-60). All nodes are mounted in an open room (66 m × 20.5 m) in a grid configuration with an x-separation of 6 m and a y-separation of 3.6 m. Figure 1 shows the ground plan of the living lab with an indication of the location of the nodes (blue). Each node has two WiFi interfaces (Sparklan WPEA-110 N/E/11n mini PCIe 2T2R chipset: AR9280) and to each WiFi card, two antennas are connected (2×2 MIMO is supported). Furthermore, an RM090 sensor node and a USB2.0 Bluetooth interface (Micro CI2 -v3.0 EDR) are incorporated into each node. The testbed allows sending and receiving WiFi packets between any two nodes and thus allows a realistic assessment of actual exposure values in the network.
Experimental path loss measurements have been performed between any two nodes in the testbed using iperf [online ref https://iperf.fr/] for generating traffic with a fixed transmit power on one node and using an in-house wifi-sniffer for assessing the received power in dBm on the other node. The path loss PL source user testbed ,
(dB) between any source node and user node is then determined as
with EIRP source (dBm) the Effective Isotropically Radiated Power (EIRP) of the source node, P Rx user (dBm) the recorded received power at the user node, and G user (dBi) the receiver antenna gain.
Scenarios
Three scenarios will be defined within the test environment of Figure 1 , for which the wireless configuration will be optimized in order to guarantee the lowest EI at each instant, while still providing the required QoS. For all three scenarios, adult users are considered, using a WLAN connection with a laptop on a table in front of them. Table 1 lists all parameter settings for the three considered scenarios.
Scenario 1: online course-downlink only
The first scenario assumes that the environment consists of three adjacent rooms, with inner walls indicated by the dashed lines in Figure 1 . . For example, a total penetration loss of 10.5 dB is added to the experimentally determined path loss between node 2 and 10 (one wall with 2 dB and one with 8.5 dB attenuation along the direct ray). The scenario further assumes that 13 people are present in the left room (at locations 22, 23, 24, 25, 26, 33, 34, 35, 36, 37, 43, 44 , 46, see Figure 1 ) following an online course of 1 h under the form of a 1080p Youtube video (usage type). A physical data rate of TP DL req 54 Mbps (corresponding to a required receiver power of −68 dBm (18) ) is required to allow the best capacity and best QoS for the users. This wireless activity corresponds to a downlink duty cycle of 10.69% for one user (19) . Also based on the works of Joseph et al. (19) , we assume that an access point'(s) (AP) total duty cycle is calculated as the sum of the duty cycles due to the activity of each user that is connected to that specific access point; e.g. three users simultaneously watching a 1080p Youtube video via a certain AP, are assumed to cause that AP to have a duty cycle of · = 3 10.69% 32.07%. Users are considered to always connect to the access point that delivers the highest received power. This scenario is assumed to be a downlink-only scenario, so no uplink traffic is considered.
Scenario 2: call center-downlink and uplink, no power control
The second scenario assumes 16 operators in a large call center that extends over the entire environment in Figure 1 , meaning that an open space is assumed without any inner walls. Users are located at 22, 23, 24, 25, 33, 34, 35 , 36 and at 27, 28, 29, 31, 38, 39, 41, 42, see Figure 1 . It is assumed that the operators use Voice-over-IP with their laptop, again during 1 h. For each of the users a duty cycle of 0.8% is assumed for both uplink and downlink voice traffic, based on the measured duty cycles for 'Skype voice' at 54 Mbps in the work of Joseph et al. (19) . While Scenario 1 is a downlink-only scenario, Scenario 2 jointly considers downlink and uplink. Since no uplink power control is assumed, the user'(s) uplink power will be fixed. The third scenario will be defined equal to the second scenario, but with added uplink power control, i.e. the user's uplink power will be lowered where possible. Recently, efforts have been made towards a standardization of power control in WiFi system, for lower interference, a lower energy consumption, and a lower human exposure (20, 21) . This scenario explores a future deployment and will allow comparing the impact of power control on the EI and on the optimal AP configuration.
It is clear that these three scenarios will each correspond to a different EI-optimal WiFi configuration. Based on the scenario, the engine (see Figure 2 ) will accordingly design the wireless network configuration that provides the required QoS with a minimal EI. The resulting design will for each of the scenarios be compared with a reference configuration, i.e. a traditional planning where one AP per room is deployed at an EIRP of 20 dBm, more concretely, at locations 3, 7 and 10, respectively (indicated with black squares in Figure 1 ). Each of the three scenarios will be optimized in two ways: without any restriction on the number of deployed APs and with a restriction to at most three deployed APs. The latter approach will assess the impact on the EI of limiting the maximal cost of the optimal configuration and allows a fairer comparison with the reference configuration, which also deploys three APs.
All above simulations assume adults, sitting in front of their laptop that is on a table. To better grasp the sensitivity of the EI to changes in the morphology of the users (child vs. adult) and to the orientation of the device with respect to the body (laptop on lap vs. on table), the EI of the reference and optimized configurations will also be compared for three person types: type 1 assumes sitting adults using their laptop on a desk in front of them, type 2 assumes sitting adults using their laptop on their lap, and type 3 assumes sitting children using their laptop on a desk in front of them.
Exposure Index
Recently, attempts have been made to characterize the exposure impact of wireless network deployments, e.g. in the work of Plets et al. (16) . In the work of Varsier et al. (14) , the EI was proposed, a new metric accounting for the exposure induced by base station antennas as well as wireless devices. 
where EI (W/kg) is the EI value, the average SAR exposure of the population of the considered geographical area over the considered time frame T. SAR refers to whole-body SAR, organ-specific SAR, or localized SAR. N T is number of considered periods within the considered time frame (e.g. single day); N P is the number of considered population categories; N E is the number of considered environments; N R is the number of considered Radio Access Technologies (RATs); N C is the number of considered cell types; N L is the number of considered user load profiles; N pos is the number of considered postures; and N U is the number of considered usages with devices. P TX is the mean power transmitted by user devices during period t, in usage mode u, connected to RAT r, in environment e. S inc DL is the mean incident power density on the human body during period t, in environment e, induced by all base stations of RAT r, cell type c. S inc UL other , is the total incident power density on the human body during period t in environment e, induced by the wireless devices of all other users in the proximity that are connected to RAT r and cell type c. is the fraction of the total population that corresponds to population category p, user load profile l, in posture pos, connected to RAT r, for cell type c, in environment e during time period t.
The way of formulating the EI using population fractions (as in Equation (3)) is required, since the EI is often calculated over a very large geographic area with many users and over a large time frame, where uplink powers and downlink power densities are not known for each distinct individual and his usages. Therefore, the population is divided into fractions consisting of people in the same environment, using the same posture,…, all transmitting (receiving) similar uplink (downlink) powers (power densities). In the indoor scenarios considered here, the EI formulation will be applied to configurations where the location of the considered users user in the population pop and the transmitted powers and received power densities of each of them can be exactly determined, so the EI can be considered as a composition of each user's specific exposure, with his power (density), usage time and duration, device, posture, usage,… always known. Using a summation over each user's EI allows removing the use of fractions f, and abolishes the need to distinguish between time period t, environment e or user load profiles l. The EI will be considered for WiFi-only traffic and one posture pos, meaning that also the summation over r, c, and pos can be removed. The use of the average power densities S inc and S inc UL other , can then also be replaced by a summation over the average contributions to the considered user's exposure, of each specific base station (DL) and of the other users' UL, respectively. Equation (3) then transforms to 
where EI is the average SAR exposure over all users user within the population pop over the considered time frame T (s (V/m) is the incident electric-field strength at the location of user due to the access point AP i or the other user's usage ′ u user , and with an assumed duty cycle of 100%. Z 0 is the free-space impedance, equal to Ω 377 . For WiFi, the actual duty cycle DC (-) of the traffic generated by the source (19) must also be accounted for, since it represents the relative transmission time of a signal. In WiFi, signals are not transmitted continuously and therefore the predicted power densities at 100% operation need to be multiplied by the duty cycle. When accounting for the duty cycle, Equation (8) with EIRP source (dBm) the EIRP of the source (with a duty cycle of 100 %), f (MHz) the frequency, and PL source user scenario , (dB) the experimentally determined path loss between the source and the user in the considered scenario. In Scenario 2 without power control, the own laptop's transmit power EIRP u user and from Equation (4) and the other users' laptop output power ′ EIRP u user from Equation (10) will be assumed fixed at 100 mW and 20 dBm, respectively, except when the usage is equal to no usage, where EIRP u user will be 0 W and ′ EIRP u user will be -∞ (expressed in dBm). In Scenario 3 with power control, the client will adjust its power EIRP u user (or ′ EIRP u user ) in order to deliver the required received power P AP req at the access point (20) Figure 2 shows the global architecture of the optimization algorithm. The core of the algorithm is a GA, which will be explained in more detail hereafter. The algorithm takes as input the physical ground plan of the environment and the wireless scenario. The latter is determined by the settings (e.g. maximal number of APs allowed, power control on/off,…) and by the users. The set of users and their location is defined, the coverage requirement they have, and the (estimated) characteristics of their traffic: the time fraction of the actual traffic activity and the type of activity (e.g. surfing, video call,…), which impacts the duty cycle of the traffic. The output of the algorithm is a wireless network configuration with a set of active access points, each with a certain EIRP.
Optimization Algorithm
A flow graph of the GA itself is shown in Figure 3 . Logically, user locations are excluded as possible AP locations in the optimization process. We will first describe the individuals in the GA population, then we discuss how the population evolves over different iterations, and finally, it is explained how individuals are compared by defining the fitness calculation. ( )
Population individual
,2 ,
, a gene of solution X i , representing either an integer value between EIRP min and EIRP max (when switched on) or −1000 (when switched off):
Population evolution
The GA starts with an initiation phase during which the scenario parameters are set as in Tables 1 and 2 . After the initiation phase, a starting population of size population_size is built: each selectable AP is either switched off (probability of 90%) or is assigned a random EIRP between EIRP min and EIRP max (probability of 10%). Then, the population evolves over a number of generations equal to _ _ number of generations. Each generation consists of the following consecutive steps:
(1) Sorting-sort all previous individuals (=solu-tions) by their fitness value (2) Crossover-from the previous population, a new population is created, whereby the first (best) _ elitism size individuals from the previous population are transferred unchanged to the new population (elitism principle). The other _ − _ population size elitism size new solutions are child solutions, obtained from a crossover operation between two individuals, each chosen as the fittest individual out of a set of five random individuals from the population of the previous generation. Each child gene is inherited from either one of the corresponding parent • if all APs are inactive, one random AP is switched on with a random EIRP between EIRP min and EIRP max • else, one out of three possible mutations is executed, each with a chance of 1/3
• power adjustment-if the network provides a sufficient coverage to all users, the power of a random active AP is lowered with 1 dB (or switched off when its power is equal to EIRP min ), otherwise the power of a random AP is increased with 1 dB (when the AP is active with an EIRP smaller than EIRP max ) or switched on (when the AP is inactive).
• neighbor change-the EIRP of a random active AP is interchanged with that of an adjacent AP (see Figure 1) • random mutation-the EIRP of each AP (gene) of a solution (individual) is adjusted with a probability equal to mutation_rate: the change comprises switching off (probability of 90%) or assigning a random EIRP between EIRP min and EIRP max (probability of 10%)
Fitness calculation
As the population evolves, new individuals are being created. Each newly created individual is evaluated on its fitness, expressed as the resulting EI value. First, it is calculated if the solution provides the required coverage and capacity to all of its connected users and if the number of active APs does not exceed the userdefined maximum. If this check is not passed, a default high EI value of 3000 W/kg is returned to avoid being withheld as a possible solution. When the solution does pass the check, the EI fitness value is calculated as the average SAR value over all considered humans within the considered time frame. Each human's individual SAR value consists of three parts as explained in Equation (4): the contribution due to all active APs, the contribution due the human's own wireless device, and the contribution due to other humans' wireless devices.
RESULTS
In the following, the optimal wireless deployments for each of the three scenarios will be presented and compared, based on their EI during one hour and their QoS.
No Restriction on Number of Allowed APs
For Scenario 1, the resulting optimal solution deploys nine APs: APs 11, 53, and 55 with an EIRP of 0 dBm, APs 2, 3, and 27 with an EIRP of 1 dBm, AP 8 with an EIRP of 13,dBm, AP 49 with an EIRP of 7 dBm and AP 57 with an EIRP of 11 dBm (see Figure 1 ). This shows that APs closer to the users have lower EIRPs (e.g. APs 2, 3, 11, 53, see Figure 1 ). Figure 6 shows that the EI after optimization equals · − 5.42 10 4 μW/kg, versus · − 2.17 10 2 μW/kg for the reference configuration, a reduction by 97.5%. Figure 4 shows the contributions to the EI of each of the 13 individual wireless users, for both configurations. The exposure reduction varies between a factor 15 at location 46 and a factor 139 at location 24. Location 46 is relatively far away from the APs 3 and 7 in the reference configuration, keeping the exposure low and thus also the possible reduction. Location 24 is close to AP 3 with EIRP 20 dBm in the reference configuration, so a large reduction is indeed obtained by optimizing the active APs and their EIRP. Figure 4 also shows that the spatial variation on the exposure of each of the individuals is reduced in the optimized network: the coefficient of variation reduces from 55 to 40% (see also Figure 6 ). Importantly, with respect to QoS, it is easily shown that the reference configuration fails to deliver the required capacity. AP 3 connects all 13 users, but based on the duty cycle assumption of 10.69% per user for the considered usage (i.e. Youtube 1080p) Figure 4 . EI contribution per user location (numbers 22-46, see Figure 1 ) for the reference configuration and for optimized configurations (with and without limit to three APs) for Scenario 1.
and the maximal theoretical duty cycle of 69.83% at 54 Mbps (19) , at most six users can be appropriately served. It is shown that the presented solution effectively tackles this capacity problem: no AP connects more than three users. It can therefore be concluded that the optimized scenario not only causes a lower EI, but also provides a better QoS for this multi-user scenario.
For Scenario 2, the optimal configuration uses 10 APs: APs 2, 10, 51, 53, 55, 56 with an EIRP of 0 dBm, APs 3 and 6 with an EIRP of 1 dBm, AP 8 with an EIRP of 2 dBm, and AP 4 with an EIRP of 3 dBm (see Figure 1) . The EI after optimization equals · − 1.082 10 2 μW/kg, versus · − 1.083 10 2 μW/kg for the reference configuration, a reduction by only 0.07% (see Figure 6 ). The reason for this negligible reduction is the dominance of the UL contributions to the EI for each of the users, which follows from the absence of power control in WiFi, where the uplink power is fixed at (mostly) 20 dBm. This also causes each of the users to be equally exposed, irrespective of their location with respect to the APs: the individual average SAR values lie between · − 1.0812 10 2 μW/kg at location 27 and · − 1.0838 10 2 μW/kg at location 34. On average over all users, the EI contributions of the own uplink, other users' uplink and the APs' downlink equal 99.805, 0.193 and 0.002%, respectively. Given the low duty cycles, no capacity problems occur. The optimization algorithm efficiently reduces the DL exposure, from · − 7.32 10 5 to · − 1.56 10 5 μW/kg. However, its contribution to the total EI is indeed negligible in this scenario and therefore, the optimization is also not visible in Figure 7 , which shows the evolution of the total EI for the three scenarios. These results show that no optimization is needed for this WiFi UL scenario.
The optimal configuration in Scenario 3 consists of 12 APs with an EIRP of 0 dBm: APs 11, 13, 18, 20, 26, 43, 46, 47, 50, 52, 54, and 57 (see Figure 1) . The EI after optimization equals · − 3.90 10 3 μW/kg, versus · − 2.77 10 2 μW/kg for the reference configuration, a reduction by 86% (see Figure 6 ). Although in Scenario 3, the total EI becomes 278 times smaller compared to Scenario 2 thanks to uplink power control, the own uplink power still remains the main contributor to the EI: on average over all users, the EI contributions of the own uplink, other users' uplink and the APs' downlink equal · − 3.86 10 3 , · − 8.89 10 6 or · − 2.97 10 5 μW/kg, or 99.01, 0.23 and 0.76% of the total EI, respectively. Power control in Scenario 3 also causes the EI contribution of other users' uplink to become smaller than the APs' downlink contribution, while this was not the case in Scenario 2. Individual average SAR values range from · − 1.45 10 3 μW/kg at location 29 to · − 6.99 10 3 μW/kg at location 22 (see Figure 5) . Again, no capacity problems occur.
Maximally Three APs
For Scenario 1, the resulting optimal solution deploys AP 3 with an EIRP of 4 dBm, AP 39 with an EIRP of 11 dBm, and AP 53 with an EIRP of 0 dBm. The EI after optimization equals · − 7.97 10 4 μW/kg, versus · − 2.17 10 2 μW/kg for the reference configuration, still a reduction by 96.3%. Figure 6 indeed shows that only three APs suffice to obtain an EI close to the deployment without restriction on the number of APs: compared to the optimal solution with nine APs, the EI increases by only a factor 1.47; the coefficient of variation also equals 40%. Figure 5 . EI contribution per user location (numbers 22-46, see Figure 1 ) for the reference configuration and for optimized configurations (with and without limit to 3 APs) for Scenario 3. Figure 6 . EI (μW/kg) for the three scenarios for the reference configuration, the optimal configuration with at most three APs, and the configuration without restriction on the number of APs. Coefficient of variation (%) over the different locations are indicated above each bar. Figure 4 also shows the contributions to the EI of each of the 13 individual wireless users in the optimized configuration with three APs, where reductions vary between a factor 13 at location 25 and a factor 78 at location 24. Thanks to the algorithm, the solution with three APs now also satisfies the capacity requirement: APs 3, 39 and 53 connect 3, 6 and 4 users respectively. For Scenario 2, the following three APs are deployed: AP 4 with an EIRP of 5 dBm, AP 8 with an EIRP of 7 dBm, and AP 12 with an EIRP of 0 dBm. Just as for the optimized configuration with an unlimited amount of APs, the resulting EI is · − 1.082 10 2 μW/kg (see Figure 6) . Here, the EI contribution of the downlink is 0.003 versus 0.002% in the fully optimized scenario, a negligible difference. The optimization algorithm again efficiently reduces the DL exposure, from · − 3.63 10 4 μW/kg after the first generation to · − 3.77 10 5 μW/kg after 30 generations. In Scenario 3, a configuration with three APs (AP 11 at 1 dBm, AP 20 at 4 dBm, and AP 47 at 3 dBm) is able to deliver an EI of · − 9.45 10 3 μW/kg. This is a reduction of 66% with respect to the reference configuration ( · − 2.77 10 2 μW/kg), versus a reduction by 86% for the fully optimized configuration with 12 APs (see Figure 6 ). Figure 5 also shows the spatial variation on the exposure of each of the individuals: coefficients of variation on the EI are 57, 59 and 36% for the reference configuration, the optimized configuration with three APs, and the optimized configuration without restriction on the amount of APs. This shows that for uplink scenarios with power control, more APs are required to provide a more homogeneous individual exposure.
When comparing the three scenarios, Figure 6 shows that the highest EI is found in Scenario 2, due to the dominant uplink exposure. Scenarios 1 and 3 have a similar EI in the reference deployment, but the optimization algorithm allows a larger reduction in Scenario 1 than in Scenario 3, both for the configuration with and without a limit to the number of APs.
Deployments without restriction on the number of APs can provide a more homogeneous field distribution with more APs transmitting at a minimal power (downlink). At the same time, clients will on average be closer to an AP, which also limits uplink exposure in case power control mechanisms are implemented. The discussion above shows that restricting the number of APs thus has an impact on the possible reduction of the EI, but the solution without restriction is clearly more expensive (3-4 times), indicating that a trade-off is to be made.
Sensitivity to Morphology and Device Orientation
Here, the EI is calculated for each of the three person types defined in Table 2 , for each of the three configurations (reference, optimized, optimized with 3 APs). Table 2 ).
For scenarios 2 and 3, it was previously shown that the EI is dominated (almost) entirely by the UL contribution of the user's own device. This is reflected in the EI increase when changing the person type from type 1 (adult-desk) to types 2 (adultlap) and 3 (child-desk): the EI increases by 11% for all three configurations for type 2 in both scenarios 2 and 3, and by 15 % for type 3, corresponding to the respective increases of the SAR ref NF due to the own UL traffic (see Table 2 ). Figure 7 shows the convergence of the GA for the three scenarios. After 30 generations, an optimum is obtained for all three scenarios. The total runtimes are displayed in Table 3 . Scenario 1 has a lower runtime than Scenarios 2 and 3, since it is a downlinkonly scenario. Scenario 3 has a longer runtime than Scenario 2, due to the extra calculations related to power control. When the maximal amount of APs is limited to three, runtimes are reduced compared to deployments without limitations on the amount of APs: by 65, 55 and 65% for Scenarios 1, 2 and 3, respectively. All optimizations are performed on a desktop computer with an Intel Core i5-2400 CPU processor @ 3.10 GHz, with 8 GB RAM.
Algorithm Performance
CONCLUSION
The first experimental optimization of the EI has been presented. A genetic optimization algorithm has been designed that assesses and optimizes the index based on real-life experimental WLAN data. The output of the algorithm is based on the usage and load of the network, considers all exposure sources (downlink, own uplink, other users' uplink) in an experimental way, and accounts for realistic duty cycles. The algorithm is tested by applying it inside an indoor WiFi testbed for three real-life scenarios. It is shown that the algorithm successfully reduces the EI in a downlink-only scenario by 97.5%. In a regular scenario with both downlink and uplink, the network layout has no significant influence on the EI under the absence of uplink power control. This is due to the high default WiFi uplink powers, causing the own uplink contribution to the total EI to be dominant over the other contributions (downlink and uplink of other users). The advances that have recently been made in the deployment of WiFi uplink power control could in the future clearly reduce the EI. This paper shows that introducing power control reduces the EI by a factor 278 for the same scenario and the same QoS. The algorithm always converges within 30 generations, corresponding to time durations between 91 and 815 s, depending on the input scenario. In the future, the algorithm could be coupled to an electronic meeting scheduler for a guaranteed QoS with a minimal RF exposure for all people attending the meeting. It is also applicable to outdoor networks and can easily be extended to other telecommunication networks. A further extension consists of equipping each AP with a module that measures the network usage in real-time and communicates with the developed algorithm to create a cognitive system that dynamically adapts the network layout based on realtime data.
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